Using low temperature scanning tunneling microscopy (STM), we discovered locally ordered patches of O adatoms and single Zn vacancies on the Zn-terminated ZnO(0001) polar surface. Such patches are determined to be metastable ordered structures on the surface. Density functional theory (DFT) calculations show that Zn atoms bonded to an O adatom encounter a larger reaction barrier for leaving lattice sites, explaining the observed general disordered nature of the Zn-terminated surface that is populated by cavities of different shapes and sizes and disordered distribution of adatoms. The interplay among different driving mechanisms provides valuable insight as to how a polar surface of an ionic crystal achieves its lowest energy reconstructed surface structure. Comparisons between the charge on surface vs bulk layers for a relaxed (1x1) slab and a slab bounded on two ends by reconstructed surfaces with stoichiometric changes reveal that in a neutral environment, the polar surface of an ionic crystal tends to go through reconstructions that allow cations to donate electrons to anions in amounts very similar to that in the bulk.
INTRODUCTION
The mechanisms with which polar surfaces of ionic metal oxides react to minimize the cumulative dipole field set up by parallel planes of alternating charges are of great scientific interest and in many cases, of significant practical value. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The polar surfaces are created by cleaving ionic bonds between a layer of cation (metal) atoms and a layer of anion (oxygen) atoms. 3 Before cleaving, each metal ion in the bulk donates a net charge of +Ze* to its oxygen neighbors. Here, Z is the nominal valence charge (i.e., 2 for ZnO), e* = γe where γ is the fractional ionicity and e is the absolute value of the charge of an electron. For ZnO, the calculated value of γ is 0.60 4 in the bulk. If one assumes that after cleaving single bonds to form a slab bounded by polar surfaces, each Zn on the Zn-face still carries a net charge of +2e* while each O on the O-face still carries a net charge of -2e*, then a Tasker type III ionic slab 5 is created.
The electrostatic potential energy of a Tasker type III ionic slab diverges as the slab's thickness increases. The situation for point ions is shown schematically in Figure 1a . Obviously, a Tasker type III ionic slab does not exist because its electrostatic energy is too high. One way to avoid the divergence of the electrostatic potential energy is for a charge transfer to occur at the moment of cleaving a bond between an anion and cation. Assuming a charge transfer per bond of -0.5e* from an anion to cation, it reduces the charge on each surface Zn to +1.5e* and each surface O to -1.5e*. 4 Such an ionic slab is said to be auto-compensated. In the point ion model, the electrostatic potential of an auto-compensated slab rises and falls between zero and a finite value, as shown schematically in Figure 1b . Although the auto-compensated model has a lower energy than that of the Tasker type III model, it still has a very high electrostatic energy because of the extra charge buildup at each surface. Distributing the extra charge among deeper layers causes elastic strain spread over a few layers of the surface.
There are, however, other ways to compensate the bulk dipole moment. Surface reconstructions with stoichiometric change can achieve dipole moment compensation by differentially adding or subtracting Zn or O atoms in surface layers. If done optimally, there is little or no deviation of electronic charge on surface atoms compared to bulk atoms and without surface charge buildup, there is little elastic strain at the surface. As a result, reconstructed structures that involve optimal stoichiometric changes generally have lower total energies than unreconstructed but relaxed (1x1) surfaces. 
EXPERIMENTAL CONDITIONS AND THEORETICAL METHODS
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The variable-temperature STM experiments are performed in an ultra-high vacuum (UHV) chamber with a base pressure of 1.0×10 -10 Density functional theory (DFT) calculations are carried out using the Vienna ab initio simulation package (VASP). 16, 17 The interaction between ions and electrons is described by projected augmented wave (PAW) method 18 and the PW91 functional 19 is used for all calculations. The cutoff energy is 450 eV, and the force convergence criterion on each atom is 0.02 eV/Å. The climbing image nudged elastic band (CI-NEB) method 20 is used to calculate diffusion pathways and barriers of Zn or O atoms on the surface.
THE ELECTROSTATIC CHARGE AT DIFFERENT LAYERS OF A ZNO SLAB
In this Section, we present DFT results of the charge at each layer of a ZnO slab bounded by relaxed (1x1) surfaces and compare it with that of a slab bounded respectively by ADC 4 hand, what we really would like is to calculate the electrostatic potential and charge distribution for a 16 bilayer slab isolated in space. For an isolated slab, considering a negative test charge, the electrostatic potential at the O face is be different (e.g., higher) than that at the Zn face (see, e.g., Fig. 1 (b) ). If we assume that each slab is truly isolated in space, then the vacuum region between slabs must be field free because the slab is charge neutral. In this field free region, the electrostatic potential must be constant. Stringing an infinite number of such slabs together will present an infinity because the electrostatic potential continuously steps down from slab to slab going from the O-face to the Zn-face and remaining constant across each vacuum region. The DFT model avoids this infinity by requiring the electrostatic potential to be periodic in the direction normal to atomic planes. This requirement puts extra charge at the outside surface at each end, making the vacuum region no longer field free. In the DFT model, the electrostatic potential rises from the Zn face to the O face across the vacuum region by exactly the same amount as the potential drop from the O-face to the Zn-face across the slab. This exact compensation ensures the periodicity of the electrostatic potential normal to atomic planes. The price paid is that the DFT-calculated charge for each layer is not the true charge of an isolated slab. The situation for a relaxed (1x1) slab is shown in Fig. 2 . The vacuum region is 10 Å. The O-face is at the left end of the slab and the Zn-face is at the right end of the slab. The vacuum region between neighboring slabs is 10 Å. The small red and silver gray spheres represent oxygen and zinc atoms, respectively. The vertical red lines are the boundaries of a period normal to atomic planes while the yellow area is the (1x1) unit cell parallel to atomic planes. It is possible to estimate the charge of each layer for an isolated slab by varying the vacuum distance L. Tables 1 and 2 Tables 1 and 2 . Comparing the DFT-calculated layer charge using a vacuum region of 10 Å with that of the estimated isolated slab, the DFT model puts an extra 1.3% negative charge on O1 (i.e., the O-face) and 3.6% extra positive charge on Zn16 (i.e., the Zn-face). Tables 1 and 2 show that the DFT model overestimates the total charge transfer from Zn to O by 0.51% for the case of 10 Å vacuum compared to the L = infinity case. Another interesting result is that, using the figures of the L=+∞ slab, the charge on the O-face differs by 10.3 % from that of an interior layer (i.e., layer O8). Similarly, the charge on the Zn-face differs by 16 .7% from that of Zn8.
These large deviations from bulk values carry a high energy cost, in both electronic and strain energy terms and are the main causes of the very high cleavage energy of relaxed (1x1) surfaces. As a comparison, it is interesting to examine the charge distribution among layers for a slab bounded on the right by the ADC model 4 (Zn-face) and on the left by the DY model 4 (O-face).
With stoichiometric change, atoms can leave the surface to reduce the dipole moment, instead of relying solely on charge deviation from the bulk. Therefore, we need less bilayers in a slab calculation to achieve numerical convergence. A plot of the electrostatic potential for a 7 bilayer slab, bounded ADC and DY models 4 , is shown in Fig. 5 . The vacuum region separating consecutive slabs is again 10 Å. Most striking is the fact that the variation of the electrostatic potential across the vacuum region is almost zero, indicating that the cumulative dipole moment of the interior planes has been effectively compensated by the stoichiometric reconstructions.
The electrostatic potentials at the O-face and Zn-face are almost the same, much like that of a non-polar surface. The layer charges are very close to those of an isolated slab. Comparing the charge on surface vs bulk atoms, on the O-face 4, 21 , there are two types of surface atoms, Os1 and Os2, shown in Fig. 6 . These two surface oxygen atoms have very similar charges, listed in Table 3 , and they both deviate from the bulk charge (that of O-bulk) by only 4%. On the Zn-face, there are also two types of surface atoms: Zn atoms that are bonded to an O adatom (Zns1) and Zn atoms that are not bonded to an O adatom (Zns2). Their charges, listed also in Table 3 , deviate from the bulk charge (that of Zn-bulk) by only 5.0% and 0.8%
respectively. The charge of the O adatom on the Zn-face (Os3) deviates only by 6.7% from the O-bulk value. A major conclusion that could be drawn from these results is that in a neutral environment, a polar surface of an ionic crystal tends to go through stoichiometric changes that allow its cations to donate electrons to anions in amounts very close to that in the bulk. This is just another way to express the electron counting rule. For the necessary stoichiometric changes to occur, the sample preparation temperature of course must be high enough for surface atoms to overcome diffusion barriers. Because the charge on layer depends on the vacuum separation distance L. It is necessary to determine the value of L that provides numerical convergence of the total energy of the slab. Table 4 shows the dependence of total energy on L while 
EFFECT OF O ADATOMS ON THE DIFFUSION BARRIER OF ZN SURFACE ATOMS
In the ADC model for the Zn-face, cavities are formed as both surface Zn and O atoms leave lattice sites, driven by the need to reduce the electrostatic dipole set up by parallel planes of oppositely charged ions. Madelung forces among ions decorating the edge of a cavity drive the formation of larger cavities, which are more stable than smaller cavities. 4, 9 While Zn atoms either migrate to step edges or leave the surface at the annealing temperature, migrating O atoms find adsorption fcc-like sites on the surface. 4 We show here that the adsorption of an O adatom stabilizes the surface Zn atoms bonded to it, thus preventing further spread of the cavity in that direction. Figure 8a shows a calculated potential energy profile for the surface migration of a surface Zn (black arrow) bonded to an O adatom (yellow arrow) in a cavity that already has a missing Zn and a missing O atom. A (6x6) unit cell is used and the slab contains five bilayers.
The O-face assumes a relaxed (1x1) structure that is stabilized by bonding a pseudo-hydrogen with valence of 0.5 to each surface O. The missing Zn atom is assumed to have left the surface while the missing O forms the adatom. The potential energy profile shows a reaction barrier of 1.70 eV for a "bonded" Zn to leave the lattice site. By comparison, if the O adatom (yellow arrow) is formed further away from the initial cavity, the reaction barrier for an "unbonded" Zn (black arrow in Figure 8b ) to leave its lattice site is only 1.12 eV, approximately 66% smaller.
According to Madelung forces, the surface should be populated by large cavities of similar sizes until minimization of the slab's dipole moment is achieved. However, because O adatoms are adsorbed at random sites on the terrace, and the formation of an adatom impedes the growth of a cavity in the vicinity of the adatom, the appearance of "magic sized" cavities is unlikely. As the formation of adatoms is a random process, and with stabilization of Zn atoms bonded to adatoms, the resulting surface would be populated by cavities with different sizes and shapes, reflecting the general disordered nature of adatoms. As may be seen in the STM image ( Figure 9 ), such is the state of the Zn-face. 
METASTABLE ORDERED (2x2) O ADATOMS AND ZN VACANCIES ON THE SURFACE
STM images are obtained on the Zn-polar surface, cleaned and annealed at 900K and 1300K.
The bias voltage is +2.0V. Atomic sized spots ("eyes" with a bright center surrounded by a dark ring) are observed populating this surface. The population of the "eyes" is much higher on the 1300K annealed surface than on the 900K annealed surface. This is explained as due to the fact that the 900K surface is rougher and is populated by triangular islands with small terrace areas in between. In this environment, there is a higher chance for O atoms to migrate to step edges and form bonds there and not be captured as adatoms on terraces. 4 When the surface is annealed to 1300 K, the higher temperature annealing causes the dissolution of the islands to form broad terraces and many more O atoms are trapped as adatoms on the broad terraces. Elsewhere on the surface, a patch of ordered (2x2) single vacancies (blue arrow, Figure 11a) can be seen. This patch is shown more clearly with enhanced contrast in Figure 11b , partly overlaid with a (2x2) lattice grid. The insert at upper right of Figure 11b further enlarges a part of this patch and is overlaid with an atomic model and one (2x2) unit cell (blue). The (2x2) lattice grid in Figure 10b is shifted by /3 a along [10 10 ] from the (2x2) lattice grid in Figure 11b, where a is the length of the surface basis vector on the Zn-face. Thus, if the adatoms are at fcc sites, the single vacancies are at hcp sites, exactly corresponding to the positions of surface Zn. further enlarges a part of this patch and is overlaid with an atomic model and one (2x2) unit cell.
DISCUSSIONS AND CONCLUSION
In summary, all stable polar surfaces must be auto-compensated. If auto-compensation is done by electronic charge deviation without stoichiometric change, then such unreconstructed but relaxed (1x1) surfaces carry extra charge that can lead to band bending and surface metallization.
Distribution of the extra charge among surface layers produces high strain energy in the lattice.
As a consequence, unreconstructed (1x1) surfaces, even with relaxation, are unlikely to exist, except maybe in very thin slabs. On the other hand, auto-compensation achieved by stoichiometric change in the surface region can achieve substantially lower surface energies. In this work, we find the estimated layer charge for a relaxed (1x1) slab. We find substantial deviation of surface charge from bulk values. This explains the high cleavage energy of the relaxed (1x1) slab. A second finding is that on a slab bounded by reconstructed surfaces that undergo stoichiometric changes, surface cations donate electrons to anions in amounts similar to that in the bulk. In other words, the charge on surface atoms are quite close to that of bulk atoms.
In this respect, the reconstructed polar surface behaves quite similar to a non-polar surface. A third finding is that Zn atoms bonded to an O adatom are more stable than their counterparts that are not bonded to adatoms. This explains the lack of "magic sized" cavities on the Zn-face and the appearance of this surface populated by cavities of different sizes and shapes. A forth finding is the observation of patches of locally ordered O adatoms and Zn vacancies on the Zn-face by low temperature STM. These structures are metastable, locally ordered states on the Zn polar surface. The respective registries of the adatoms and vacancies are directly determined in real space by coordinating with the underlying 1x1 lattice.
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